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Abstract
Resolving the debate surrounding the nature and controls of seasonal variation in the structure and 
metabolism of Amazonian rainforests is critical to understanding their response to climate change.
In situ studies have observed higher photosynthetic and evapotranspiration rates, increased litterfall 
and leaf flushing during the Sunlight-rich dry season. Satellite data also indicated higher greenness 
level, a proven surrogate of photosynthetic carbon fixation, and leaf area during the dry season relative 
to the wet season. Some recent reports suggest that rainforests display no seasonal variations and the 
previous results were satellite measurement artefacts. Therefore, here we re-examine several years of 
data from three sensors on two satellites under a range of sun positions and satellite measurement 
geometries and document robust evidence for a seasonal cycle in structure and greenness of wet 
equatorial Amazonian rainforests. This seasonal cycle is concordant with independent observations of 
solar radiation. We attribute alternative conclusions to an incomplete study of the seasonal cycle, i.e. 
the dry season only, and to prognostications based on a biased radiative transfer model. Consequently, 
evidence of dry season greening in geometry corrected satellite data was ignored and the absence of 
evidence for seasonal variation in lidar data due to noisy and saturated signals was misinterpreted as 
evidence of the absence of changes during the dry season. Our results, grounded in the physics of 
radiative transfer, buttress previous reports of dry season increases in leaf flushing, litterfall, 
photosynthesis and evapotranspiration in well-hydrated Amazonian rainforests.
© 2015 lOP Publishing Ltd
lOP Publishing Environ. Res. Lett. 10 (2015) 064014 JBi etal
I. Introduction
Understanding the seasonal variation in functioning 
of rainforests and its controls are requisite for under­
standing how rainforests will respond to climate 
change. In situ studies report counter-intuitive seaso­
nal variation in wet equatorial Amazonian rainforests 
—higher photosynthetic and evapotranspiration rates 
and increased litterfall and leaf flushing during the 
Sunlight-rich dry season (Saleska et al 2003, da Rocha 
et al 2004, Goulden et al 2004, Rice et al 2004, Hasler 
and Avissar 2007, Hutyra et al 2007, Negron Juarez 
et al 2009, Costa et al 2010, Jones et al 2014). Water 
limitation during the dry season is alleviated in these 
forests through deep roots and hydraulic redistribu­
tion (Nepstad et al 1994, Oliveira etal 2005). Satellite 
data, which cover a large area and span a long time 
period, support findings of in situ studies—higher 
radiometric greenness level and green leaf area during 
the dry season compared to the wet season (Xiao 
etal2005, Huete e ta l2006, Myneni etal 2007, Samanta 
et al 2012, Hilker et al 2014, Jones et al 2014, Maeda 
etal2014). This convergent view of seasonality, parsed 
from several studies, shows how sunlight interacts 
with adaptive mechanisms to result in higher rates of 
leaf flushing, litterfall, photosynthesis and evapotran­
spiration in tropical forests if water limitation is 
absent (Wright and Van Schaik 1994, Restrepo-Coupe 
et flZ 2013, Borchert et flZ 2015, Guan etal 2015).
This community-consensual view was questioned 
in recent studies (Galvao et al 2011, Morton 
et al 2014). The studies claim that the dry season 
greening inferred from passive remote sensing data 
resulted from an artificial increase in forest canopy 
reflectance at near-infrared (NIR) wavelengths caused 
by variations in sun-satellite sensor geometry. Their 
analyses of satellite-borne lidar data suggested that 
these forests exhibited no seasonal variations in 
canopy structure or leaf area. Relying on model simu­
lations to guide and imbue a physical meaning to the 
satellite data analysis, the studies conclude that Ama­
zon rainforests maintain consistent structure and 
greenness during the dry season.
These contradictory results justify a re-examina- 
tion of the same satellite data with the goal of assessing 
seasonality in wet equatorial Amazonian rainforests. 
In addition to data from NASA’s Moderate Resolution 
Imaging Spectroradiometer (MODIS) on the Terra 
platform and the Geoscience Laser Altimeter System 
(GLAS) instrument onboard the Ice, Cloud and land 
Elevation Satellite (ICESat) used in (Morton 
et al 2014), we also include data from the MODIS 
instrument on Aqua and Multiangle Imaging Spectro­
radiometer (MISR) on the Terra satellite. The MISR 
sensor views the Earth’s surface with nine cameras 
simultaneously, as opposed to the two MODIS sen­
sors, which are capable of only one view each. This fea­
ture enables the rigorous use of the theory of radiative 
transfer in vegetation canopies—the fundamental
theory that explains from first principles the mechan­
isms underlying the signals generated by the canopy 
and measured by a remote sensor (Knyazikhin 
etal2005).
This study is focused on terra firme rainforests in 
central Amazonia that are relatively undisturbed by 
human activities (supplementary data and methods 
section 1, figure SI). The period June to May is treated 
as one seasonal cycle as per convention (Huete 
etal 2006, M orton etal 2014). It consists of a short dry 
season, June to October, and a long wet season there­
after (supplementary data and methods section 1). 
The following analysis of satellite borne sensor data 
addresses the question at the center of current debate 
— did previous studies (Xiao et al 2005, Huete 
et al 2006, Myneni et al 2007, Brando et al 2010, 
Samanta et al 2012) misinterpret changes in near- 
infrared (NIR) reflectance caused by seasonal changes 
in sun-satellite sensor geometry (figures 52 and S3) as 
seasonal variations in rainforest canopy structure and 
greenness (Galvao etal 2011, M orton etal 2014)?
2. Data and methods
A detailed description of methods and data used is 
given in the supplementary information available at 
stacks.iop.org/ERL/lO/064014/mmedia. A brief sum­
mary is provided here. The study region and the 
various data analysed in this study are detailed in the 
supplementary data and methods section 1-2. The 
sun-sensor geometry relevant to the discussion in this 
article is presented in the supplementary data and 
methods section 3. The theory of remote measure­
ments and evaluation of NIR reflectance angular 
signatures (figure 3) and their interpretation is 
described in the supplementary data and methods 
section 4. A critical look at M orton etal 2014 analyses 
of MODIS and GLAS data is presented in the 
supplementary discussion. Abbreviations and symbols 
are listed in supplementary table S5.
3. Results and discussioin
3.1. Leaf area index seasonality
The seasonal cycle of green leaf area inferred from 
satellite data (figure 1 (a)) exhibits rising values during 
the dry season (June to October), high values during 
the early part of the wet season (November to 
Eebruary) and decreasing values thereafter (March to 
May). This seasonal variation of about 20% is imposed 
on a base value of Leaf Area Index (LAI, one-sided 
green leaf area per unit ground area) of about 5.75, is 
greater than the uncertainty of the LAI product (0.66 
LAI, Yang etal 2006) and is observed in nearly 70% of 
the rainforests in the study domain (figure 54(a)); the 
rest lacked valid data. Is this seasonal variation real or a 
misinterpretation of changes in satellite-sensor mea­
surements caused by seasonal changes in sun position
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Figure 1. Seasonal variations in green leaf area of central Amazonian rainforests, (a) Seasonal cycles o f Terra MODIS leaf area index 
(LAI), at-surface photosynthetically active radiation (PAR) from CERES, and TRMM precipitation. The PAR polynomial regression 
curve excludes the circled data point. The seasonal profiles represent average values over pixels that exhibited dry season greening in at 
least 4 out of 7 seasonal cycles analyzed (63% of all forest pixels), (b )-(d ) Seasonal cycle of LAI, as in panel (a), contrasted against 
seasonal variations in (b) solar zenith angle, (c) sensor view relative azimuth angle and (d) view zenith angle.
in the sky and the manner in which the sensor 
measures reflected radiation (‘sun-sensor geometry’)? 
The answer requires an understanding of how this 
geometry changes during the seasonal cycle, which is 
described in the supplementary data and methods 
sections.
The seasonal cycle of leaf area in flgure 1 (a) cannot 
be an artefact of seasonal changes in sun-sensor geo­
metry because the algorithm with which leaf area is 
derived explicitly accounts for geometry changes, i.e. 
the algorithm is capable of differentiating between 
changes in measurements caused by leaf area changes 
and those caused by geometry changes (Knyazikhin 
etal 1999, Knyazikhin et al 1998). This is also evident 
from the fact that the seasonal cycle of leaf area does 
not track the seasonal course of either the Sun position 
in the sky (flgure 1 (b)) or the MODIS sensor sampling 
(flgures 1(c) and (d)). Instead, it tracks independently 
obtained observations of seasonal variation in sunlight 
(flgure 1 (a)). This behavior is consistent with the idea 
that sunlight acts as a proximate cue for leaf produc­
tion in moist tropical forests if water limitation is 
absent (Wright and Van Schaik 1994, Borchert 
etal 2015, Guan etal 2015). Thus, relatively high sun­
light levels from absence of clouds during the dry sea­
son cause leaf area to increase, which in turn generates 
higher rates of photosynthesis (Saleska eta l 2003, Da 
Rocha et al 2004, Restrepo-Coupe et al 2013, Gatti 
et al 2014). But, photosynthesis becomes decoupled 
from sunlight during the early to middle part of the
wet season. This results in increasing rates of photo­
synthesis, which are possibly sustained by still suffi­
ciently high levels of light and increasing leaf 
production (Restrepo-Coupe et al 2013). All three 
decrease rapidly thereafter. A bimodal seasonal cycle 
of LAI reported in one instance could be site-specific 
(flgure 2 in Doughty and Goulden (2008)) as alternate 
in situ evidence does not exist (Restrepo-Coupe 
et al 2013, Xiao et al 2005, Asner et al 2000, Carswell 
et al 2002, Chave et al 2010, Malhado et al 2009, 
Negron Juarez etal2009).
3.2. Evidence for seasonality after sun-sensor 
geometry correction
The Enhanced Vegetation Index (EVI) is a proven 
proxy for the potential photosynthetic carbon fixation 
by vegetation (Xiao etal 2005, Huete etal2006, Brando 
et al 2010). It is calculated from satellite-sensor 
measurements of reflected solar radiation at three 
different wavelength bands. These measurements 
depend on sun-sensor geometry, but this dependency 
can be eliminated by expressing the measurements in a 
fixed geometry (Morton et al 2014, Lyapustin 
et al 2012). The EVI calculated from MODIS sensor 
measurements in a fixed geometry, i.e. nadir viewing 
direction and 45° solar zenith angle, shows a distinct 
wet season decrease (flgure 2(a)) and dry season 
increase (flgure 2(b)). These changes are greater than a 
highly conservative estimate ofthe precision in 43% of 
the pixels during the wet season and 31 % of the pixels
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Figure 2. W et and dry season changes in sun-sensor geometry corrected estimates o f leaf area and greenness. Per-pixel changes in 
MODIS leaf area index (LAI) and MODIS MAIAC enhanced vegetation index (EVI) from (a) October to March and (b) June to 
October. LAI values are normalized by 10. The changes are calculated as the difference between the values in M arch and October, and 
October and June, respectively.
in the dry season. Here, the precision is estimated as 
the spatial standard deviation of the EVI data in the 
study domain. Analogous to EVI, pixel level estimates 
of green leaf area show a strong decrease in the wet 
season and increase during the dry season. The wet 
season decrease (figure 2(a)) suggests net leaf abscis­
sion, i.e. more older leaves dropped than those newly 
flushed, and the dry season increase indicates net leaf 
flushing (figure 2(b)), resulting in a sunlight mediated 
phenological behavior (Myneni et al 2007). The fact 
that both EVI and LAI show congruent changes during 
the seasonal cycle even though the Sun-sensor geome­
try effect is removed from measurements in different 
ways (Knyazikhin et al 1999, Knyazikhin et al 1998, 
Lyapustin et al 2012, Hilker et al 2014, Maeda 
etal 2014) is particularly noteworthy.
3.3. Evidence for seasonality from multiple sensors 
and geometries
Now we turn to satellite-sensor measurements of 
reflected solar radiation at the NIR wavelength band, 
which are at the heart of the controversy. These 
measurements are usually expressed as normalized 
quantities called reflectances (supplementary data and 
methods section 4.1-4.2). The geometric structure 
and radiation scattering properties of the rainforest 
canopy determine the magnitude and angular distri­
bution of reflected radiation. The angular signatures of 
reflectance are therefore unique and rich sources of 
diagnostic information about rainforest canopies 
(Diner et al 1999). We first examine NIR angular 
signatures from the late dry season (October 15 to 30) 
and the middle part of the wet season (March 5 to 20). 
The Solar Zenith Angle (SZA) at the time when Terra 
(10:30 am) and Aqua (1:30 pm) satellites view the 
central Amazonian forests in March and October is 
between 20° and 30°. This variation minimally impacts 
the shape of angular signatures (supplementary data
and methods section 4.4). MODIS and MISR sensors 
sample the rainforests very differently (figures S2(c)- 
(f); also see figure Sl(c)). However, all the sensors 
record a distinct decrease in reflected NIR radiation in 
all view directions between October and March with 
no change in the overall shape ofthe angular signatures 
(figures 3(a) and (b)). Such a simple change in 
magnitude can only result from a change in canopy 
properties— this conclusion is based on the physics of 
how solar radiation interacts with foliage in vegetation 
canopies (supplementary data and methods section
4.3, figures S5(a) and (b)). The EVl, although evalu­
ated from reflectances at NIR, red and blue wavelength 
bands, is tightly linked to NIR reflectance (Samanta 
e ta l2012). Thus, the decrease in sun-sensor geometry 
corrected EVl (figure 2(a)) is in agreement with 
directly observed decreases in NIR angular signatures 
from October to March (figures 3(a) and (b)).
The wet season reduction in greenness is incon­
sistent with the hypothesis of invariant dry season 
greenness. Indeed the net loss of leaf area, without a 
corresponding net gain elsewhere during the seasonal 
cycle, will result in rainforests without leaves in a few 
years. If wet Amazonian forests somehow maintain 
consistent canopy structure and greenness during the 
dry season, then they must be either aseasonal or the 
entire seasonal cycle must be confined to the wet sea­
son, but this argument lacks empirical support. The 
question then arises whether variations in angular sig­
natures of forest reflectance during the dry season sup­
port this inference?
Therefore, let us now consider NIR reflectances 
from early (25 June to 10 July) and the late dry season 
(15 October to 30 October) when both sun position in 
the sky and sensor sampling vary significantly (figures 
S2(a)-(d); also see figure 51(c)). MODIS and MISR 
measurements are made at significantly higher SZA in 
June (~35°-40°) compared to October (~20°-30°).
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Figure 3. Seasonal changes in angular signatures o f near-infrared (NIR) reflectance from  three satellite borne sensors. Angular 
signatures o f NIR reflectance in March (5 M ar to 20 Mar), June (25 Jun to 10 Jul) and October (15 Oct to 30 Oct). The Aqua MODIS 
signature for October is shown in panel (c) for clarity. The phase angle is the angle between the directions to the Sun and sensor (figure 
Sl(c)).
The magnitude and shape of angular signatures are 
impacted when both canopy properties and SZA vary. 
However, a higher or equal reflectance at lower SZA 
relative to reflectance at higher SZA always indicates 
an increase in leaf area and foliage scattering proper­
ties according to the physics of radiation interaction in 
vegetation (supplementary data and methods section 
4.4-4.5, figures S5(c)-(f)). This is observed clearly in 
MISR data (figure 3(d)) because this sensor views the 
Earth’s surface with nine cameras simultaneously, as 
opposed to the two MODIS sensors (figure 3(c)), 
which are capable of only one view each (figure S3). 
Further, the juxtaposition of the two angular sig­
natures in figure 3(d) is significantly different than 
that predicted by theory for the case of identical cano­
pies (supplementary data and methods section 4.6). 
Thus, the NIR angular signatures in figure 3(d) indi­
cate a change in vegetation structure (LAI) and green­
ness (EVI) during the dry season.
4. Conclusions
Satellite data indicate a distinct sunlight-mediated 
seasonality in leaf area and photosynthetic carbon 
fixation over unstressed rainforests in central Amazo­
nia. This seasonal cycle is not an artefact of seasonal 
changes in sun position in the sky or how the satellite­
sensor measures the reflected radiation field. The 
spatially expansive remote sensing data agree with 
available in situ data. A better understanding of how
the rainforests will respond to climate change depends 
on future ground campaigns as satellite data can 
complement, but not substitute, field data.
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Supplementary Data and IMethods
1. Study region and greening pixeis
This study Is focused on a 1200x1200 km^ region 
In central Amazonia [MODIS tile "h llv 0 9 ”; 0° to 
10°S and 60°W to 70°W; figure Sl(a]J. About 
95% of this region Is covered with terra  flrme 
rainforests [Nepstad et al 1994]. The average 
annual rainfall varies from about 1800 mm In the 
south to about 3700 mm In the northw est [figure 
Sl[b]]. The number of dry months, generally 
defined as months with rainfall less than 100 mm, 
varies from about 4 In the south to less than 2 In 
the northwest. For comparison purposes [Morton 
et al 2014], the dry season Is defined as June to 
October [137 mm /month] and the w et season as 
November to May [276 mm/month]. This Is one 
of two tiles studied by [Morton et al 2014]. 
Expanding the area to match that study did not 
alter our results and conclusions.
Terra MODIS and MISR data analysed In this 
study consisted of seven seasonal cycles [June to 
May], while the Aqua MODIS data consisted of 
four cycles, as In [Morton et al 2014]. Forest 
pixels with valid Enhanced Vegetation Index 
[EVl] data are classified as greening pixels during 
a seasonal cycle If the average EVl value during 
the month of October Is greater than the average 
EVl value during the month of June. Here, EVl
refers to Terra MODIS Collection 5 EVl data 
[Section 2.5]. The MODIS and MISR analyses In 
this study are focused on these "greening pixels” 
because we wish to address this key question: Is 
the dry season greening purely an artefact of 
variations In sun-sensor geometry [Galvao et al 
2011, Morton e ta l 2014] or does It reflect actual 
changes In canopy after accounting for variations 
In sun-sensor geometry [Xiao e ta l 2005, Huete et 
al 2006, Myneni et al 2007, Brando et al 2010, 
Samanta et al 2012]? The proportion of greening 
pixels varies from year to year. It averages ~60% 
of all rainforest pixels In the case of the Terra 
MODIS sensor [table SI] due to strict quality 
filtering. Nearly every rainforest pixel In the 
study region exhibits dry season greening at least 
once. If not more, because the data are 
accumulated, not averaged, over multiple 
seasonal cycles.
2. Data
2.1. TRMM Precipitation Data: Monthly 
precipitation data from the Tropical Rainfall 
Measuring Mission [TRMM] at quarter degree 
spatial resolution for the period January 1998 to 
December 2012 [TRMM product 3B43, Version 7] 
are used In this study [WWW-TRMM].
2.2. CERES Surface FAR Fluxes: Monthly at- 
surface Photosynthetically Active Radiation [PAR,
400-700 nm; the sum of "Computed PAR Surface 
Flux Direct -  All-sky” and "Computed PAR Surface 
Flux Diffuse -  All-sky”] data at l°x l°  spatial 
resolution from June 2000 to May 2008 are used 
in this study (WWW-CERESJ.
2.3. CRU Temperature Data: The latest version 
of the 0.5° tem perature data set produced by the 
Climatic Research Unit [CRU; University of East 
Anglia; CRU TS3.21] is used in this study [WWW- 
CRU],
2.4. MODIS Land Cover: Evergreen broadieaf 
forests in the study region are identified using the 
Collection 5 land cover data set "MODIS Land 
Cover Type Yearly L3 Global 500 m SIN Grid” 
[MCD12Q1] [WWW-MCD12Q1].
2.5. MODIS NIR Reflectance and EVI: The 
following Collection 5 EVl data are used in this 
study: [a] Terra Moderate Resolution imaging 
Spectroradiometer [MODIS] EVl data from June 
2000 to May 2008 [WWW-MOD13A2] and [b] 
Aqua MODIS EVl data from June 2003 to May 
2008 [WWW-MYD13A2], Data from June 2005 to 
May 2006 are not used due to the dry season 
drought in 2005 [Samanta et al 2010a], These 
data sets also include surface reflectance at the 
near infrared [NIR] spectral band [858 nm] and 
sun-sensor measurement geometry. The data are 
at a spatial resolution of 1x1 km^ and 16-day 
temporal frequency. The same EVl data were 
used in previous studies [Galvao et al 2011, 
Morton et al 2014], The quality of NIR reflectance 
and MODIS EVl data in each pixel is assessed 
using the 16-bit quality flags [Samanta et al 
2010b, Xu et al 2011], The number of pixeis with 
valid EVi data in June, October and March are 
shown in table S2.
2.6. MODIS MAIAC EVI: EVi data from Terra 
[June 2000 to May 2008] and Aqua [June 2003 to 
May 2008] MODIS sensors at 1x1 km^ spatial 
resolution and 8-day temporal frequency 
generated with the Multi-angle implementation 
of Atmospheric Correction [MAIAC] algorithm 
[Lyapustin et al 2012] are used in this study 
[WWW-MAIAC], The MAIAC EVi data are 
standardized to a fixed sun-sensor geometry 
[nadir viewing direction, solar zenith angle of 
45°]. Thus, the MAIAC EVi data are free of sun­
sensor geometry effects.
2.7. MODIS LAI: Collection 5 Leaf Area index 
[LAi] data from Terra MODIS for the period June 
2000 to May 2008 are used in this study [WWW-
MOD15A2], Data from June 2005 to May 2006 are 
excluded from analyses of LAi seasonal changes 
[figures 1 and 2] due to the dry season drought in
2005 [Samanta et al 2010a], The data are at 1x1 
km2 spatial resolution and 8-day temporal 
frequency. Valid LAi data in each 1x1 km^ 8-day 
pixel are identified using quality flags [Samanta 
et al 2011, Poulter and Cramer, 2009],
2.8. MISR Bidirectional Reflectance Factor: 
Land Surface Data [version 22] from the Terra 
Muitiangie imaging Spectroradiometer [MISR] for 
the period June 2000 to May 2008 are used in this 
study [WWW-ASDC], Data from June 2005 to May
2006 are not used due to the dry season drought 
in 2005 [Samanta et al 2010a], The data are at a 
spatial resolution of 1.1 x l . l  km^ and include 
Bidirectional Reflectance Factors [ERF] at the 
nine MISR view angles [nadir, +26.1°, +45.6°, 
+60.0° a n d +70.5°] in four spectral bands [446, 
558, 672, and 866 nm]. MISR data with 
LandQA=0 [cloud free, aerosol optical depth 
below 0.3] are considered valid.
2.9. GLAS Centroid and Apparent Reflectance: 
Data from the Geoscience Laser Altimeter System 
[GLAS] instrum ent onboard the ice. Cloud and 
land Elevation Satellite [iCESat] acquired during 
four periods -  May 20 to June 23, 2005 [L3c], 
May 24 to June 26, 2006 [L3f], October 3 to 
November 8, 2004 [L3a] and October 2 to 
November 5, 2007 [L3i] -  are used to analyze the 
sensitivity of the waveform centroid relative 
height [WCRH] and Apparent Reflectance [AR] to 
LAi [WWW-GLAS], The same data were used in 
[Morton et al 2014], For comparison purposes, 
low quality data were filtered as described in 
[Morton et al 2014], Additionally, GLAS 
footprints over non-forest and/or bare ground 
were screened by imposing the following 
conditions: [a] MODIS Land Cover corresponding 
to GLAS footprints is "Evergreen Broadieaf 
Forests” and [b] number of GLAS waveform 
Gaussian peaks exceeds one. GLAS lidar analysis 
is focused on the region spanning 0° to 10°S and 
60°W to 80°W -  the spatial extent of the blue and 
red squares in figure SI [a],
3. Sun-Sensor Geometry
Three angles characterize the sun-sensor 
geometry of a pixel [figure Sl[c]]: [a] solar zenith 
angle [SZA], [b] relative azimuth angle [RAA], 
and [c] view zenith angle [VZA], Ail three change
during the year In the case of MODIS. The 
distribution of these angles for pixels in the study 
region during each of the twenty-three 16-day 
compositing periods in a year is shown in figure 1 
for Terra MODIS. The geometry for Aqua MODIS 
is very similar to that of Terra MODIS. The view 
zenith angles are fixed in the case of MISR. The 
following discussion of sun-sensor geometry is 
specific to this study’s region [figure SI [a]].
The geometiy in terms of SZA and RAA is 
approximately cyclical with a period of six 
months [figures l[b ] and [c]]. Terra and Aqua 
MODIS and Terra MISR measurements are made 
at higher SZA [~ 30° to 40°] about the solstices, 
June/July and December/January, and at lower 
SZA [~ 20° to 30°] about the equinoxes, 
September/October and February/March [figure 
l[b]]. The progression of Terra and Aqua MODIS 
RAA during the year shows a similar cyclical 
behavior [figure l[c]]. The measurements are 
made closer to the solar azimuthal plane, or the 
principal plane, [RAA ~ 0° and 180°], about the 
equinoxes and approximately +30° to +45° off 
the orthogonal plane [RAA ~ 130° and 50°] about 
the solstices [figure l[c] and figure S2]. View 
zenith angle varies between 0° [nadir] and 60° 
[figure l[d]]. The RAA of MISR sampling along 
the spacecraft flight track follows its Terra 
counterpart, but is shifted by about 90° [not 
shown]. Half of Terra and Aqua MODIS 
observations about the solstices were collected at 
VZA below 15° and 20°, respectively. Around 
50% of the measurements about the equinoxes 
were made at VZA below 35° [Terra] and 20° 
[Aqua]. The MISR VZAs are strongly peaked as 
expected around their nominal values of 0.0°, 
+26.1°, +45.6°, +60.0° and +70.5° [figure S2].
Choosing three 16-day composites, one each 
In June [Jun 25 to Jul 10], October [Oct 15 to 30] 
and March [Mar 5 to 20], Is sufficient to assess 
w hether the previously reported seasonality In 
radiometric greenness [Xiao et al 2005, Huete et 
al 2006, Brando et al 2010] and leaf area [Myneni 
et al 2007, Samanta et al 2012] of Amazonian 
rainforests Is an artefact of sun-sensor geometry 
[Galvao e ta l 2011, Morton e to / 2014] or not. The 
three periods correspond to the beginning of the 
dry season, end of the dry season and mid wet 
season, respectively. The Terra and Aqua MODIS 
observations provide pairs of matching RAA 
[October vs. March], varying RAA [June vs.
October], matching SZA [Terra and Aqua In June 
and March], varying SZA [October from Terra and 
Aqua] [figure S2]. The Terra MISR sensor 
samples the surface close to the principal plane In 
June and near the orthogonal plane In October 
and March. This manner of sampling Is opposite 
to that of MODIS [figure S2]. The juxtaposition of 
MODIS and MISR sampling provides an 
interesting opportunity for assessing the 
presence or absence of seasonal variations In 
these rainforests.
4. Forest Reflectance
4.1. Bidirectional Reflectance Factor (BRF):
The reflected radiation field from a vegetation 
canopy illuminated by a solar beam in a 
coordinate system with the polar axis pointed to 
the sun Is considered here. The reflected radiance 
Is expressed relative to a surface perpendicular to 
the solar beam and depends on the phase angle, 
y, and azimuth, xp. The phase angle Is the angle 
between the directions to the sun and sensor 
[figure Sl[c]]. The plane ip Is chosen such that the 
phase angle varies between —(9O° + 0o)
+ (90° — 0q) where is the sun zenith angle. In
this coordinate system the Bidirectional 
Reflectance Factor, B R F (j,4’)> is the ratio of 
radiance reflected from the vegetation canopy to 
the radiance reflected from an Ideal Lambertian 
surface under identical Illumination conditions. 
The Lambertian surface in this Instance is 
perpendicular to the solar beams. For a plane 
given by ip and ip + 180°, the BRF is a function of 
SZA, phase angle and wavelength. Its magnitude 
and angular shape depends on the composition, 
density, geometric structure of the reflecting 
medium. In addition to the foliage optical 
properties.
4.2. Transformation of MODIS and MISR BRF 
data: LetBRFxy(9o,9y,A(p)be the observed BRF 
at a location (x ,y )  on the Earth’s surface. The 
BRF^y Is a standard product of MODIS and MISR 
sensors, which Is expressed relative to a 
horizontal surface. The sun-sensor geometry Is 
represented by the sun, 9q, and sensor, 9̂ , view 
zenith angles, and the view azimuth cp̂  [figure 
Sl[c]]. First, we Introduce a new coordinate 
system with the polar axis pointed to the sun. The 
quantities, I^y = BRF^y cos 9q, represent radian­
ces reflected from forests illuminated by a
parallel beam of unit intensity. The radiances are 
expressed relative to the unit surface perpendicu­
lar to the solar beam and depend on the phase 
angle, y , and azimuth, ip, in this system. The 
phase angle is the angle between directions to the 
sun and sensor, i.e., y = acos[cos 0,̂  cos + 
sin sin 0 q  c o s  (p ]̂.
Second, we group I^y with respect to the 
phase angle [figure S3]. This procedure 
transforms the standard BRF product into BRF 
expressed in terms of the phase angle, y, and 
azimuth, xp. The azimuth specifies sampling plane 
of satellite-borne sensors. The MODIS instrum ent 
scans the Earth across the Terra and Aqua 
spacecraft flight track, which is approximately 
from East to West [figure S3 [a]]. The MISR 
instrum ent measures reflected radiation along 
the Terra flight track, which is approximately 
from North to South [figure S3[b]]. The sampling 
planes are fixed for MODIS and MISR 
instruments. We assign the sign "plus” to y if the 
direction to the sensor approaches the direction 
to sun from East [Terra MODiS], West [Aqua 
MODiS] or North [Terra MiSR], and "minus” 
otherwise. The phase angle varies between 
— (9O°-F0o) 90° — 0Q ■ The probability
density distribution function p(0o< Y) of the phase 
angle is evaluated from the fraction of data in 
each group.
Finally, the reflected radiances in each group 
are averaged. This methodology is applied to 
transform standard BRF products from Terra and 
Aqua MODiS observations [figure S3 [a]], in the 
case of MiSR, the algorithm is applied to each 
MiSR camera to derive camera specific BRF 
[figure S3[b]] and corresponding probability 
density functions. The camera specific BRFs for 
which |y — y| < <j  are used in further analyses. 
Here y and a denote camera specific mean and 
standard deviation of the phase angle y.
4.3. Effect of Changing Canopy Properties on 
BRF: figures S5[a] and [b] illustrate the effect of 
changing canopy properties on BRF. Here, SZA is 
held constant. An increase in LAi, with leaf optical 
properties unchanged, increases the interception 
of incoming solar radiation by the vegetation 
canopy, which in turn increases the amount of 
reflected radiation. This increases the magnitude 
of BRF at all phase angles, i.e. a non-linear 
upward shift in the angular signature of the BRF, 
as shown in figure S5[b]. The overall shape of the
BRF remains unchanged. This is a well-known 
fact: the reflectance of dense vegetation, or a 
vegetation canopy with a dark background, is an 
increasing function of LAi [e.g. figure 1 in [Huang 
et al 2008]]. Changes in leaf optical properties 
either augment or suppress the LAi effect on the 
reflectance factor [Samanta et al 2012]. Thus, 
changing canopy properties and holding SZA 
constant changes the magnitude of the BRF but 
not the overall shape of the signature. This 
explains the observed BRF changes in figures 3 [a] 
and [b].
4.4. Effect of Changing SZA on BRF: figures 
S5[c] and [d] illustrate the effect of changing SZA 
on BRF. Here, canopy properties are held 
constant. The cumulative contribution of within- 
canopy sources generated by single- and 
multiple-scattered photons to canopy-exiting 
radiation along a given direction increases with 
photon path length, L , as ~(1 — exp(—cL)) , 
where L is the distance between sources within 
the canopy and the upper boundary of the canopy 
and a is the extinction coefficient. An increase in 
SZA results in longer photon path lengths for 
positive phase angles [figure S5[c]]. The opposite 
is true for negative phase angles, increasing SZA 
with constant canopy therefore results in an 
asymmetric transformation of the BRF signature, 
that is, enhanced values for positive phase angles 
and depressed values for negative phase angles 
[figure S5[d]]. it also decreases the range of BRF 
variation at positive phase angles and a 
corresponding increase in the range of BRF 
variation at negative phase angles. Thus, both the 
shape and magnitude of the BRF signature are 
changed. The asymmetric transformation also 
causes the two BRF signatures to intersect, as 
illustrated in figure S5[d]. The phase angle at 
which the two signatures intersect can be 
calculated using the principle of directional 
reciprocity [Section 4.6].
it is im portant to note that the path L varies 
with SZA as ~ 1 / cos(5ZA). it means that effect of 
changing SZA on the BRF’s angular shape is weak 
at low SZA. For example, a change in SZA from 
20° to 30° involves a change in L from ~1.06 to 
~1.15. The impact, however, increases with SZA. 
This explains why SZA variation has no 
discernable impact on the angular signatures of 
reflectances in figures 3 [a] and [b].
4.5. Effect of Changing Canopy Properties and 
SZA on BRF: figures S5[e] and [f) Illustrate the 
effect of changing both canopy properties and 
SZA on BRF. Changing canopy properties but 
holding SZA constant changes the magnitude of 
BRF but retains its overall angular shape [Section 
4.3], Changing SZA but holding canopy properties 
invariant changes the magnitude of BRF 
differently for positive and negative phase angles, 
thus changing the shape of the BRF as well 
[Section 4.4], Changing canopy properties and 
SZA simultaneously combines these two effects, 
i.e. the BRF is transformed asymmetrically and 
shifted in magnitude. For example, decreasing 
SZA depresses the BRF at positive phase angles 
and enhances the same at negative phase angles -  
transformation of the green colored BRF 
signature to dashed-biue color signature in figure 
S5[f). increasing canopy properties, say LAi 
and/or foliage optical properties, shifts the 
overall BRF signature up in magnitude -  
transformation of the dashed-blue color 
signature to solid-blue color signature in figure 
S5[f). This explains the BRF signature changes in 
figures 3[c] and [d]. importantly, it follows from 
this argumentation that higher or equal values o f 
BRF at lower SZA relative to BRFs at higher SZA 
always indicate a change in canopy properties.
4.6. Proof of Dry Season Changes From the 
Directional Reciprocity Frincipie: The optical 
reciprocity theorem [Davis and Knyazikhin,
2005] provides a proof relevant to our study, it 
states that switching detector and source and 
inverting the directions of propagation yield the 
same result for BRF. it follows from the theorem 
that the BRFs of a canopy, or two similar 
canopies, corresponding to different sun 
positions, say Dq and Hi, necessarily intersect at 
7o = — acos(flo ■ Hi), indeed, the BRF in direction 
Hi due to a mono-directional solar beam in 
direction —Do is related to the BRF in direction 
Do due to a mono-directional solar beam in 
direction —Hi as BRFC—Dq,-Fy) = 
BRF{—n ,i,—Y'). if BRF (—Do, y) is symmetric at 
Yo = acos(flo ■ Hi) [e.g., as in October], the BRFs 
should intersect at yo = —acos(flo ■ Hi). Changing 
canopy properties with illumination conditions 
unchanged results in an upward or downward 
shift in the angular signature of the BRF [Section 
4.5]. This causes the intersection point to deviate 
from yo , indicating a difference in canopy
properties. The deviation of the intersection 
point around —5.5° from yo = —37.1° shown in 
figure 3[d] is significant, indicating different 
canopy properties in June and October.
Supplementary Discussion
Galvao e ta l [2011] and Morton e ta l [2014] claim 
that previous studies [Xiao et al 2005, Huete et al 
2006, Myneni et al 2007, Brando et al 2010, 
Samanta et al 2012] m isinterpreted changes in 
near-infrared [NiR] reflectance caused by 
seasonal changes in sun-satellite sensor 
geometry as seasonal variations in rainforest 
canopy structure and greenness. They conclude 
that Amazonian rainforests maintain consistent 
structure and greenness during the dry season 
based on their analysis of satellite borne sensor 
data [MODiS and Lidar] and model exercises. 
Here we present a detailed critique of their 
analysis.
An incomplete analysis of the seasonal cycle, 
i.e. one that is focused only on the dry season, 
encourages misleading interpretation of both 
intra- and inter-annual greenness [EVi or LAi] 
variations as artefacts of changing sun-sensor 
geometry. For example, if the sun-sensor 
geometry artefact argument is valid, then the 
seasonal course of LAi from December to May 
should be similar to that from June to November 
because of a repeat in sun-sensor geometry 
[figures l[b ] and [c]], but it is not [figure l[a]]. 
Also, if the change in MODiS sampling from the 
orthogonal plane in June to the principal plane in 
October [figures S2[a] and [c]] causes the 
rainforests to appear greener, then the change in 
MiSR sampling from the principal plane in June to 
the orthogonal plane in October [figures S2[b] 
and [d]] should cause the rainforests to appear 
browner. But, greening is observed as well [figure 
3[d]].
interannually, the attribution of anomalous 
dry season greening [increase in EVi or LAi] in 
drought year 2005, vis a vis dry seasons of non­
drought years, to a higher proportion of brighter 
backscattering MODiS observations is flawed 
because it is selectively based on data from the 
first fortnight of October [ED-figure 9 [Morton et 
al 2014]]. A higher fraction of backscattering 
measurements is not seen in 2005 when the 
analysis is focused on July to September period
[figure S4[b]] as In the original studies [Samanta 
et al 2010a, Samanta et al 2010b, Saleska et al 
2007], Moreover, If claims of geometric artefacts 
are true, higher backscatter fraction and 
greenness should also be seen during the more 
Intense dry season drought In 2010 [Xu et al 
2011], They are not [figure S4[b]], even In their 
selective analysis [ED-flgure 9 [Morton et al 
2014]].
Crucially, the misinterpretations In Morton et 
al [2014] stem from reliance on prognostications 
of an untested radiative transfer model. In a 
critical test of how well the model simulates 
variation in sunlit and shaded proportions of the 
canopy, which is central to arguments about 
geometric artefacts, the model underestimates 
measurements by ~45% [figure S4[c]]. The 
model is also unrealistically sensitive to litter 
reflectance in dense vegetation [table 1 [Morton 
et al 2014]], an indication of incorrect physics 
and/or modeling of foliage spatial distribution. 
The failure to test the model is compounded by 
an unquestioned belief in its validity, else the 
observed dry season greening in geometry- 
corrected EVl would not have been ignored 
[figure 3[b] [Morton et al 2014] and ED-figure 
7[b] [Morton et al 2014]]. Various statistical 
analyses of this geometry-corrected EVl data 
strongly reject the null hypothesis of no change in 
forest greenness [Saleska e ta l  2015]. Indeed the 
physics of radiative transfer in dense media 
[Section 2.9 [Knyazikhin eta l 1999]] informs that 
these changes in geometry-corrected EVl [figure 
2, figure 3[b] in [Morton et al 2014] and ED- 
figure 7[b] in [Morton e ta l 2014]] correspond to 
large changes in LAI [figure. l[a]]. Thus, there is 
no valid statistical or theoretical basis to dismiss 
dry season increase in geometry-corrected EVl 
[figure 2[b], figure 3[b] in [Morton et al 2014] 
and ED-figure 7[b] in [Morton e to /2014]].
The unorthodox belief that Amazonian 
rainforests should conform to model predictions 
affects their interpretation of satellite lidar data 
also. The conclusion that structure and greenness 
of rainforests remain invariant does not follow 
from absence of evidence in lidar data for their 
model prediction that an increase in LAI from 4.5 
to 6.5 should result in an increase in Waveform 
Centroid Relative Height - the height of median 
return energy relative to the full waveform extent 
[WCRH; table 1 in [Morton et al 2014]]. A
prudent interpretation might be that the model 
prediction does not conform to data. Even if the 
model is assumed to be capable of accurate 
predictions, the predicted change in WCRH [0.06] 
is comparable to the spatial standard deviations 
of June and October WCRH data [~0.07]. This 
clearly suggests a need for additional analysis.
The lack of insight into w hat might be 
reasonably expected from lidar data and 
saturation of lidar signals in dense vegetation 
compound the problem of detecting seasonal LAI 
changes. For example, studies that have 
investigated the relationship between LAI and 
lidar waveforms [Castillo et al 2012, Tang et al 
2012, Drake et al 2002] show that WCRH 
saturates in mature and secondary growth 
tropical forests aged over ~20 years [Tang et al 
2012, Drake et al 2002] because the majority of 
lidar hits are confined to the upper canopy. This 
saturation of signals emanating from vegetation 
is different than sensor saturation 
[Neuenschwander et al 2008] -  the latter have 
been filtered out from all analyses.
The saturation effect can be potentially 
documented through these three analyses. First, 
although a range of LAI values are observed in 
Amazonian rainforests, from about 4 to 6 in June 
and greater than 6 in October, the two lidar 
metrics, WCRH and Apparent Reflectance [AR], 
exhibit no correspondent variations [figure S6]. 
Second, rainforests with low [3.5 to 4.5] and high 
[greater than 5.5] LAI have the same WCRH and 
AR [figures S7 [a] and [b]]. Third, rainforests 
with low [<0.5] and high [>0.6] WCRH have the 
same LAI [figure S7[c]]. Likewise, rainforests 
with low [<0.5] and high [>0.6] AR have identical 
LAI [figure S7[d]]. Inference of saturation from 
figure S6 and figures S7 [a]-[d] depends on the 
validity of the MODIS LAI data. To alleviate this 
concern, we present similar results for deciduous 
broadieaf forests where a broader range of LAI 
values are encountered. The curvilinear 
relationship in deciduous forests, where WCRH 
increases for LAI values 0 to 3 and saturates 
thereafter [figures S8[a] and [c]], is as expected, 
and is similar to other relations between LAI and 
remote measurements [Knyazikhin et al 1999, 
Huang e t o /2008].
Unlike WCRH, the AR shows no relationship 
to LAI [figures S6 [b] and [d], figures S8 [b] and
[d]], even in sparsely foliated canopies [LAI less
than 3; figures S8 [b] and [d]]. Also, the Inverse 
relationship with WCRH Is perplexing [figures S7
[e] and [f]]. To ascertain w hether these results 
Indicate potential data quality problems, we 
Investigated the relationship between the lidar 
metrics and key climatic variables that govern 
plant growth. I.e. water, radiation and 
tem perature [Nemani et al 2003]. The WCRH 
data are positively related [p-value < 0.001] to all 
three climatic variables [table S4]. This Is as It 
should be. I.e. tall and dense tree stands with 
higher WCRH are located In climatically favorable 
environments of higher annual precipitation, 
solar radiation and mean tem perature [table S4]. 
The AR data, on the other hand, show negative 
relation with two of the three climatic variables. 
We therefore conclude that GLAS AR data have 
quality problems.
Morton et al [2014]’s Interpretations of AR 
data are contradictory - on the one hand, their 
validity Is discounted by citing corruption from 
aerosols due to biomass burning, and on the 
other hand, their Invariance Is counted as proof 
that Amazonian rainforests maintain consistent 
structure and greenness [figure 2[c] [Morton et 
al 2014]]. Why table 1 [Morton et al 2014] does 
not show model predictions of AR seasonal 
variations, unlike WCRH, Is unknown. Given these 
ambiguities, their analyses of AR data must also 
be deemed Inconclusive.
In addition to the analyses presented in this 
article, three independent studies have rebutted 
Galvao et al [2011] and Morton et al [2014] 
claims with a multitude of satellite and in situ 
data [Maeda et al 2014, Hilker et al 2014, Jones et 
al 2014]. Dry season greening in sun-sensor 
geometry corrected data obtained from Morton et 
al. is due for publication [Saleska et al 2015].
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Figure SI. The study domain and sun-sensor geometry, [a] The domain of MODIS and MISR analysis is 
the red square. The domain of GLAS lidar analysis is both blue and red squares, [b] Monthly mean 
rainfall from TRMM. [c] Three angles characterize the sun-sensor measurement geometry of a pixel: 
[1] solar zenith angle, SZA=0o (0° < Bq < 90°), [2) view zenith angle, VZA=0v [0° < 0^ < 90°) and [3) 
view azimuth, qiy [0° < qiy < 360°), measured relative to the principal plane. The angle between the 
projection, OP, of the direction to the sensor and X axis is the relative azimuth angle (RAA), i.e., 
RAA=q)v if 0 < q)y < 180° and RAA=360° — tpy, otherwise. It varies between 0° and 180°. The angle 
between the directions to the sun and sensor is the phase angle, PA=y.
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Figure S2. MODIS and MISR sampling geometries. Terra and Aqua MODIS [left panels] and Terra MISR 
[right panels] sampling geometries during a 16-day compositing period in the months of [a, b] June 
2003, [c, d] October 2003, and [e, f] March 2003. The MODIS sensors sampie the surface close to the 
orthogonal plane in June and near the principal plane in October and March. This sampling is opposite 
to that of MISR sensor.
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Figure S3. MODIS and MISR reflectances in a modified coordinate system. Terra MODIS [a] and MiSR 
[b] NiR BRFs during a 16-day composite in October 2003. BRF values are expressed in a coordinate 
system with the polar axis pointed to the Sun. Solid arrows indicate sampling direction that 
determines the phase angle sign [angle between soiar and sensor view directions].
11
(a) 0°
io°s
(b)
0.52
JAS R  =0.06302005
0.51
oiJff
^ ^ g l O O j  
^ --------- O2008
O2006 02007
a 0.50
02010
0.49 02012
O2011
O2009
0.48 >— 
0.52 0.54 0.56 0.58 0.6 0.62 0.64
Backscatter Fraction
<-0.66 0.66 1.2 >1.7
LAI Am plitude
(C) 0.8
0.7
0.6
o 0.5
0.4
0.3
0.3 0.4 0.5 0.6 0.7 0.8
Terra MODIS EVI
Figure S4. Evidence for seasonality of leaf area and misinterpretation of data following the guidance of 
an erroneous radiative transfer model [Morton et al 2014). (a) Spatial pattern of seasonal Terra 
MODIS LAI amplitude expressed as the difference between the maximum value during September to 
November and the minimum value during the following May to June period. White pixels denote 
locations with LAI amplitudes less than |0.66|, which is the accuracy of MODIS LAI data [Yang et al
2006). White and colored pixels together denote pixels that exhibited dry season greening in at least 4 
out of 7 seasonal cycles [63% of all forest pixels in the study region), [b) Mean Terra MODIS EVl over 
rainforests as a function of backscattering fraction evaluated from all 16-day compositing periods in 
July, August and September [DOY 177 to 272). The backscattering fraction is defined [Morton et al 
2014) as the fraction of observations with view azimuth less than 90° and greater than 270°. [c) 
Comparison of model simulated EVl [obtained by digitizing figure l[c) in Morton et a / [2014)) with 
Terra MODIS EVl over Amazonian rainforests. The MODIS EVl is from a 16-day October composite 
[15th to the 30th) accumulated over 7 seasonal cycles [Section 2.5). The comparison is for phase angles 
in the range ±10^, that is, ±10^ around the hot spot [view zenith angles from 10^ to 30^ in figure l[c) 
of [Morton et al 2014)).
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Figure S5. Interpretation of angular signatures of reflectance. Illustration of how the angular signature 
of Bidirectional Reflectance Factors (BRF] is transformed when (a, b] sun-sensor geometry is held 
invariant but canopy properties are changed; (c, d] sun-sensor geometry is changed but canopy 
properties are held invariant; (e, f] both sun-sensor geometry and canopy properties are changed. The 
dashed arrows depict direction of incident parallel beam of unit intensity.
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Figure S6. Saturation of GLAS lidar metrics over central Amazonian forests. Distributions of GLAS 
Waveform Centroid Relative Height [WCRH) and Apparent Reflectance as a function of Terra MODIS 
LAI in the case of central Amazonian rainforests at the [a, b) beginning and [c, d) end of the dry season. 
Gray dots and red crosses show distributions of lidar metrics within 0.5 LAI bins. Upper, middle [red 
line) and lower box edges show the 75%, 50% and 25% percentiles of GLAS metrics. The red crosses 
are outliers, each representing upper and lower 0.25% of the GLAS lidar observations. June represents 
data from May-20 to June-23, 2005 and May-24 to June-26, 2006. October represents data from 
October-3 to November-8, 2004 and October-2 to November-5, 2007. MODIS pixels with valid LAI 
values and four or more GLAS lidar observations were used [table S3).
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Figure S7. Relationship between GLAS lidar metrics and with LAI. [a, b] Variation in GLAS Waveform 
Centroid Relative Height [WCRH] and Apparent Reflectance [AR] for pixels with low and high Terra 
MODIS LAI values, [c, d] Variation in LAI for pixels with low and high values of WCRH and AR. [e, f] 
Relationship between WCRH and AR. Gray dots and red crosses show the data. Upper, middle [red 
line] and lower box edges separate the 75%, 50% and 25% percentiles of data used. The red crosses 
are outliers, each representing upper and lower 0.25% of the data. Similar relations are found for 
October [not shown].
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Figure S8. Relationship betw een GLAS lidar m etrics and LAI in deciduous broadieaf forests. D istributions of 
GLAS W aveform Centroid Relative Height (WCRH] and A pparent Reflectance as a function of T erra MODIS LAI in 
the case of deciduous (tem perate] b roadieaf forests in the no rthern  hem isphere in (a, b] June and (c, d] October. 
Gray dots and red  crosses show  distributions of lidar m etrics w ithin 0.5 LAI bins. Upper, m iddle (red  line] and 
low er box edges show  the 75%, 50% and 25%  percentiles of GLAS m etrics. The red crosses are outliers, each 
represen ting  upper and low er 0.25%  o fth e  GLAS lidar observations. June rep resen ts  data  from May-20 to June- 
23, 2005 and May-24 to June-26, 2006. October rep resen ts  data from October-3 to November-8, 2004 and 
October-2 to November-5, 2007. MODIS pixels w ith valid LAI values and four or m ore GLAS lidar observations 
w ere used (table S3].
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Supplementary Tables
Table SI. Number of greening pixels [Section 1] from Terra and Aqua MODIS sensors
T erra Aqua
Year
Num ber of greening 
pixels
As a % of ra inforest 
pixels
Num ber of greening 
pixels
As a % of ra inforest 
pixels
2000 804,550 59.02 N/A N/A
2001 723,796 53.10 N/A N/A
2002 990,863 72.69 N/A N/A
2003 518,857 38.06 238,998 17.53
2004 919,820 67.48 233,140 17.10
2005 N/A N/A N/A N/A
2006 901,602 66.14 227,926 16.72
2007 783,164 57.45 260,370 19.10
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Table S2. Number of pixels with valid EVI and BRF data in June, October and March 
accumulated over a 7-year period [June 2000 to May 2008, excluding June 2005 to May 2006 
due to the dry season drought In 2005] from Terra MODIS and MISR sensors. The table also 
shows the same for the Aqua MODIS sensor, but accumulated over a 4-year period [June 2003 
to May 2008 excluding June 2005 to May 2006]
Sensor Number of Valid Data June October March
Terra MODIS One or more 96.67 94.38 70.92
Aqua MODIS One or more 33.65 30.32 12.10
Terra MISR One or more 48.07 25.75 15.33
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Table S3. Number of pixels with valid Terra MODIS LAI data and four or more valid GLAS footprints 
in June and October
June October
Num ber of Num ber of
Num ber of valid LAI corresponding GLAS Num ber of valid LAI corresponding GLAS
Year pixels footprints pixels footprints
Amazonian Rainforests
2004 N/A N/A 3,859 17,293
2005 3,031 13,536 N/A N/A
2006 1,911 8,607 N/A N/A
2007 N/A N/A 5,987 29,858
Total 4,942 22,143 9,846 47,151
Deciduous Broadieaf Forests
2004 N/A N/A 2,419 10,719
2005 955 4,164 N/A N/A
2006 649 2,761 N/A N/A
2007 N/A N/A 4,208 19,650
Total 1,604 6,925 6,627 30,369
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Table S4. Regression relationships between climate and GLAS Waveform Centroid Relative Height 
[WCRH] and Apparent Reflectance (AR], Climate Is represented by annual total precipitation from 
TRMM, photosynthetlcally active radiation from CERES and mean annual tem perature from CRU. 
Long-term means of climate variables were evaluated from 2001 to 2010 data, but excluding 2005 and 
2010 drought years. Each TRMM pixel contains 10 or more GLAS observations; CERES pixel has 160 or 
more, and CRU pixel has 40 or more
x y Slope Intercept R2 p-value
WCRH Annual Precipitation [mm yeapi] 4428.3 297.1 0.17 <0.001
WCRH Photosynthetically Active Radiation [W m-2] 21.8 83.6 0.08 <0.001
WCRH Mean Annual T em perature [°C] 8.3 22.1 0.15 <0.001
AR Annual Precipitation [mm yeapi] -600.4 3011.2 0.00 0.16
AR Photosynthetically Active Radiation [W m-2] -65.6 130.9 0.26 <0.001
AR Mean Annual T em perature [°C] -10.3 32.1 0.10 <0.001
2 0
Table S5. List of Abbreviations
AR Apparent Reflectance
NASA scientific research satellite in a Sun-synchronous near polar circularAqu3 orbit around the Earth; crosses Equator at 1:30pm 
BRF Bidirectional Reflectance Factor
C5 Collection 5
CERES Clouds and the Earth's Radiant Energy System
CRU Climatic Research Unit
DOY Day of Year [designates the beginning of the compositing period]
ED Extended Data
EVl Enhanced Vegetation Index
GLAS Geoscience Laser Altimeter System
ICESat Ice, Cloud and land Elevation Satellite
JAS July, August, and September
LAI Leaf Area Index
LiDAR Light Detection and Ranging
MAIAC Multi-angle Implementation of Atmospheric Correction
MISR Multiangle Imaging Spectroradlometer
MODIS Moderate-resolutlon Imaging Spectroradlometer
NASA National Aeronautics and Space Administration
NIR Near Infrared
PA Phase angle
PAR Photosynthetically Active Radiation
PDF Probability Density Function
RAA Relative Azimuth Angle between solar and sensor view directions
SI Supplementary Information
SZA Solar Zenith Angle
SOM Space Oblique Mercator
NASA scientific research satellite in a Sun-synchronous near polar circular 
orbit around the Earth; crosses Equator at 10:30am 
TRMM Tropical Rainfall Measuring Mission
VI Vegetation Index
VZA View Zenith Angle
WCRH Waveform Centroid Relative Height
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